Tubular aluminophosphate molecular sieve crystals were grown at an organic interface with their channels (7 angstroms in cross section) vertical to the substrate. To induce surface nucleation and oriented growth of AIPO4-5 crystals, organophosphonate layers cross-linked with Zr(lV) were assembled on a gold substrate and the modified substrate was immersed in a hydrothermal bath containing reagents for the synthesis of the molecular sieve. Reflection-absorption infrared studies demonstrated the stability of the phosphonate layers under these conditions. Drastic changes in the morphology of the surface-grown crystals from spherical agglomerates to vertical needles to thin tilted needles could be achieved by adjusting the water content of the synthesis bath. Nitrogen sorption in these structures on a piezoelectric device confirmed the presence of zeolitic microporosity. The films obtained in all of our experiments exhibited x-ray diffraction (XRD) patterns corresponding to that of the AFI structure, that is, AIPO4-5. Grazing-angle incidence (1.5°) XRD patterns of the surface-grown AlPO4-5 crystals (Fig. 3) monolayer to its poor thermal stability at acidic pH. The RAIR spectrum shows that MUP monolayers are not stable at 180°C for longer than 2 hours. When the added zirconyl layer was presented to the A1PO4-5 synthesis bath, no crystal growth was observed either, suggesting a lack of electrostatic interactions. The templating agent DABCO also plays an important role. When it was substituted with tripropylamine, no A1PO4-5 growth occurred even though the bulk synthesis proceeded without difficulty. This effect could be related to the dipositive charge on protonated DABCO and associated surface interactions.
Supramolecular preorganization and templating are powerful principles for controlled crystal growth (1) . Our previous example of oriented zeolite crystal films has demonstrated the great utility of organophosphonate films for inducing nucleation and growth of oriented molecular sieves (2) . In that case, fragile cubic zincophosphate crystals were prepared at low temperature. We have now discovered that it is possible to grow oriented, stable aluminophosphate crystals with vertical channels on zirconium phosphonate (ZrP) layers on a gold substrate. Oriented nanometer-sized channel structures are of substantial interest for sizeselective chemical sensors, separation membranes, and optical systems. Zeolite molecular sieves (3) can selectively sorb molecules on the basis of their size, shape, polarity, and acid-base properties. The pore structure of AIPO4-5 is essentially a hexagonal array of parallel cylinders of uniform cross section (7 A) . In addition, AIPO4-5 exhibits excellent thermal stability (4) . A number of zeolite films and membranes have been prepared, for example, through the deposition of growing crystals on metalmetal-oxide supports (5) (6) (7) (8) (9) (10) (11) . Films of laterally oriented crystals of the silicalite-1 type were grown from continuous silica gel precursor layers on silicon (6) . Aluminophosphate crystals embedded in a polymer film have been aligned in electric fields (12 (19, 20 We were also interested in the nature of the strong interactions between the aluminophosphate nuclei and the phosphonate surface. We performed quenching reactions under bulk synthesis conditions to explore the association between the phophonate surface and zeolite crystal faces. Ethylphosphonic acid (H2PO3CH2CH3) (25 mmol) was added to the bulk AlPO4-5 crystallization mixture after 40 min, and the resulting suspension was placed back into the oven at 180'C for another 8 hours. The SEM and XRD data show that addition of the "quenching agent" blocks further crystal growth. The size and morphology of quenched crystals are similar to those from a regular synthesis stopped after 40 min. These results suggest that the phosphonic acid groups have a strong affinity to the growing faces of the AlPO4-5 crystals. The 10011 faces appear to interact most effectively with the phosphonate surface, thus favoring the vertical orientation of the c axes.
We found that the morphology and size of surface-grown A1PO4-5 crystals can be controlled by varying the temperature and the water content of the synthesis bath. We obtained semispherical aggregates at 1500C and lower water content (d = 60). Dilution of the system produces larger hexagonal prismatic crystals, with increasing aspect ratio relative to the c axis (Fig. 2) . When d = 300, close to 100% of the hexagonal crystals are almost perfectly aligned with their c axis perpendicular to the surface. When d = 400 and 600, a majority of the crystals grow with their c axes in an oriented upright fashion, but the crystals are tilted.
To probe the porosity of the surfacegrown hexagonal channel systems, we grew them on the gold electrodes of a quartz crystal microbalance ( 1 1 ). We removed the organic templating agent by heating under oxygen at 350°C for 8 hours. Thermogravimetric analysis indicated that close to 98% of the organic templates was removed under these conditions. Microscopy showed that the crystals maintain their orientation after calcination. The nitrogen adsorption isotherm shows the typical type I shape with a significant uptake at low partial pressures, which confirms the zeolitic microporosity of the surface-grown crystals (Fig. 4) . This experiment also demonstrates the high stability of the channel systems, which is of importance for future applications.
Our results demonstrate that it is possible to grow stable, vertically oriented onedimensional AlPO4-5 crystals on zirconum phosphonate-modified gold surfaces. As in bulk-quenching reactions, the phosphonate surfaces strongly interact with the growing AlPO4-5 crystals. This interaction can be adjusted such that the hexagonal 10011 faces grow parallel to the substrate, leading to channel systems with their c axes oriented normal to the surface. Because it seems less likely that individual ions could assemble such an oriented structure without epitaxial control, we propose that small, ring-shaped subunits assemble on the substrate (Fig. 1) .
The oriented A1PO4-5 structures could be The history of human lead production began about six millennia ago (Fig. lA) around two millennia ago (Fig. 1A) . The use of lead was ubiquitous, and most districts that were suitable for mining in the Old World were known and worked, especially those in Spain, the Balkans, Greece, and Asia Minor (5, 7). Lead production then decreased sharply during the decline of the Roman Empire, down to a minimum of only a few thousand tons per year during medieval times, before increasing again from A.D. 1000 with the discovery of the lead and silver mines of Central Europe. Lead poisoning from extensive lead production and use during Roman times has been suggested as one of the causes of the fall of Rome (5, 9, 10). Smelter emissions from these sources have also been documented as resulting in significant local or even regional lead pollution in Europe, as evidenced, for instance, by studies of peat deposits in Britain (11, 12) and lake sediments in southern Sweden (13) . We show here that smelter emissions also resulted in significant contamination of the middle troposphere of the remote Arctic. This occurrence marks the oldest large-scale hemispheric pollution ever reported, long before the onset of the Industrial Revolution.
We We mechanically decontaminated each core section (length of 55 cm) using an ultraclean procedure (17) derived from those of Patterson and his co-workers (15, 16) . It involved the chiseling of successive veneers of ice from the outside to the central part of each section inside a laminarflow clean bench in a cold room while the core was held horizontally in an all-polyeth-
